Nitorgen depth profiling in a high-k gate stack structure, SiON/HfO 2 /SiON/Si(001) was performed by high-resolution Rutherford backscattering spectroscopy (HRBS) in combination with angle-resolved X-ray photoelectron spectroscopy (AR-XPS). The nitrogen depth profile is determined so that both the HRBS spectrum and the angular dependence of the XPS yield are reproduced. The obtained nitrogen profile is compared with the result of high-resolution elastic recoil detection (ERD) which is the most relaiable technique for depth profiling of light elements. The agreement between the result of the present combination analysis and that of high-resolution ERD is fairly good, showing that the present combination analysis is a promising method for the analysis of light elements.
Introduction
High-resolution Rutherford backscattering spectroscopy (HRBS) is becoming popular in various research fields and industries, especially in the micro-electronics industry. It allows non-destructive and quantitative analysis with a depth resolution better than 1 nm without any special sample pretreatment [1] . Although HRBS has many advantages, there are, of course, some drawbacks. For example, HRBS cannot analyze chemical states.
In this respect, angle-resolved X-ray photoelectron spectroscopy (AR-XPS) can be a good complement to HRBS [2] . Recently, we developed a combination analysis of HRBS and AR-XPS which is able to perform precise depth profiling of chemical states [3] . In this method, both HRBS and AR-XPS measurements are performed with the same sample. The attenuation lengths λ for the photoelectrons are determined so that the composition depth profiles obtained by HRBS reproduce the AR-XPS result. Depth profiles of chemical states are then derived so that both AR-XPS and HRBS results are reproduced.
In our previous paper, we assumed that the escape probabilities of photoelectrons emitted at a depth x without inelastic scattering, which is called the depth distribution function (DDF), can be given by a simple exponential function
where θ e is the emission angle measured from the surface normal. When θ e exceeds ~ 60°, however, this simple formula cannot be used due to the influence of elastic scattering, especially at a large x [4] . As a result, the data observed at θ e > 60° cannot be used in AR-XPS analysis. The data at θ e > 60° are, however, crucial for accurate AR-XPS analysis [5] . Therefore, Eq. (1) should be improved to include the influence of elastic scattering for the precise AR-XPS analysis.
There is a database for calculation of DDFs, which was published by the National Institute of Standards and Technology (NIST) [6] . The database is based on a solution of the kinetic Boltzmann equation within the so-called transport approximation [7] . Accordingly, the effects of the elastic scattering on DDFs are taken into account.
We have recently demonstrated that the DDFs calculated by the NIST database are reliable in a wide range of θ e up to 80° by comparing the photoelectron yields calculated with the NIST database and the observed AR-XPS results [4] . although it is one of the most expensive techniques requiring a rather big accelerator and a sophisticated spectrograph [8] . The nitrogen profile obtained by the present combination analysis is compared with the result of the high-resolution ERD to examine the accuracy of this combination analysis. AR-XPS measurements were performed using a Theta Probe (Thermo Fisher Scientific Inc.) equipped with an Al Kα source. This instrument allows us to collect AR-XPS data in parallel without tilting the sample. Photoelectron spectra of Hf 4f, Si 2p, O 1s and N 1s were measured at emission angles, θ e , from 20° to 80° with respect to the surface normal. Shirley background subtraction and peak fitting were used when extracting photoelectron yields.
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3-1. HRBS measurements
The 
3-2. AR-XPS measurements
The same sample was measured by AR-XPS with Al Kα X-ray. The observed photoelectron yields were normalized by the cross sections and the effect of the asymmetric parameter was also corrected. The ratios of the corrected photoelectron yields, Hf4f/Si2p, O1s/Si2p and N1s/Si2p are shown as a function of θ e in Fig. 3 .
3-3. Combination analysis
The DDFs for Hf4f, Si2p, O1s and N1s photoelectrons in HfO 2 were calculated by the NIST database. Using these DDFs the θ e -dependence of the photoelectron yields were calculated. In the calculation, the HRBS profiles shown in Fig. 2 were used. The calculated result (dashed lines) is compared with the observed one in Fig. 3 .
Although the calculated yield ratios, Hf4f/Si2p and O1s/Si2p, agree with the observed ones fairly well, there is a large discrepancy in N1s/Si2p. Recalling that the HRBS profiles other than nitrogen are accurate, the good agreement for Hf4f/Si2p and O1s/Si2p indicates that the DDFs calculated by the NIST database are reliable in the present case as was demonstrated in the previous study [4] . The large discrepancy for N1s/Si2p could be ascribed to the possible error in the nitrogen profiling in the present HRBS analysis. The calculated N1s/Si2p ratio is five times smaller than the observed result at θ e ~ 20° and the discrepancy becomes larger with θ e . This indicates that the assumption of no nitrogen in the surface SiON layer, which was used in the HRBS analysis, is not correct. Now we will search the composition depth profiles so that both HRBS spectra
and θ e -dependences of the photoelectron yields can be reproduced. The profiles shown in Fig. 2 were used as the initial profiles in the fitting procedure and only oxygen and nitrogen profiles were allowed to be changed because the HRBS profiles of Hf and In order to estimate the accuracy of the present combination method, the sample was also measured by high-resolution ERD using a Q3D magnetic spectrograph at the Munich 14 MV tandem accelerator [8] . The high-resolution ERD is one of the most reliable techniques for depth profiling of light elements, although it is a very sophisticated technique requiring a rather big facility. The obtained nitrogen profile is
shown by a dotted line in Fig. 4 , which is in good agreement with the HRBS profile.
This clearly indicates that the present combination analysis is a promising method for the accurate analysis of light elements. 
